Friction stud welding with zinc insert was applied to 5000 series aluminum alloys. A cone-shaped A5056 stud bolt was successfully friction-welded onto A5083 plate at low torque using zinc insert compared to that without zinc insert. This is considered to be contributed by a eutectic reaction between aluminum and zinc, which can effectively remove the oxide film and promote the joining. With bigger torque and longer welding time, the amount of residual zinc was reduced and high strength was achieved. On the other hand, a twist break between the stirred zone and the stud bolt increased during friction and this causes the decrease of tensile strength of the joint after a certain amount of torque. The results of micro-tensile test showed that strength at the edge of joint interface was higher than that at the center area regardless of zinc insert. From the experimental results, the joining process of the present friction stud welding classified into five processes, i.e. wear of stud bolt, start of joining, increase of tensile strength, decrease of tensile strength, and fracture during friction.
Introduction
5000 series aluminum alloys are widely used in the structures that require low-temperature properties and corrosion resistance.
1) The joining of the stud bolt in these alloys is mainly performed by arc stud welding. 2, 3) However, quality of the joints depends on worker's skill, and the removal of the oxide film on the aluminum surface is necessary before welding. 4) Recently, friction stud welding has been applied to overcome these problems in arc stud welding. 2, 5) This method is a modified friction welding, and can achieve steady quality of joints because welding only proceeds by prearranged parameters. Furthermore, the oxide film at the interface of the joint is efficiently removed during friction stage. [6] [7] [8] To remove the oxide film easier, the stud bolt has a corn shaped tip, and zinc insert is applied between the stud bolt and the base material. 2, [9] [10] [11] [12] Therefore, the joining process of the friction stud joint is considered to be quite unique and distinctive compared with other conventional friction welding. [13] [14] [15] To optimize the welding parameters in friction stud welding, it is necessary to precisely understand the joining process and its mechanism. In the present study, microstructures at the interface of stud joints were observed, and tensile test was conducted to evaluate the mechanical properties with varying friction torque. Moreover, microtensile test was also conducted to evaluate the mechanical properties at each region of the interface in micro-scale area. To clarify the effect of zinc insert on the joining process and the joint properties, the joints without zinc insert were also evaluated. From the obtained results, joining process of the present friction stud welding was discussed.
Experimental Procedure
The corn shaped A5056 stud bolt with 8 mm in diameter was friction welded onto A5083 plate (designated as base material) using a direct drive welding machine. The zinc primer with 100 mm thick was applied between the stud bolt and the base material. During the welding, the rotation speed and the friction load were set to 6000 rpm and 1800 N, respectively. The friction torque was varied from 0.8 to 4.0 Nm and 1.0 to 3.0 Nm in the joint with and without zinc insert, respectively. The friction torque was monitored using a load cell through an A/D converter with a sampling time of 0.01 s. The rotation of the stud bolt stops and goes onto upset stage when the friction torque reaches at a setup value. Upset load and upset time were set to 2000 N and 3.2 s, respectively.
For the microstructural observation, the joint was cut vertically, mechanically polished, and etched with Keller's etchant or Tucker's etchant. Microstructural observation was performed using a stereomicroscope (SZX7, OLYMPUS Inc.), optical microscope (OPTIPHOT-100, NIKON Inc.) and scanning electron microscope (SEM; S-3000H, HITACHI Inc.). Tensile test (5505, INSTRON Inc.) and micro-tensile test were performed to evaluate the mechanical properties of the friction stud joint with a cross-head speed of 5:00 Â 10 À2 mm/s and 1.00 mm/s, respectively. The shapes of the specimens are shown in Fig. 1 . Figure 2 shows a typical image of the interface of the friction stud joint without zinc insert (Torque: 2.0 Nm). A lens shaped stirred zone was observed between the stud bolt and the base material (inside dotted lines). The stirred zone became larger with bigger friction torque. In this study, the joint interface was designated as three areas, i.e. center area, middle area and edge area. The center area and the edge area mean the center of the rotated stud bolt and the edge of the joint interface, respectively. The middle area is located in the middle of the center and the edge area. Figure 3 shows a typical image of the interface of the friction stud joint with zinc insert (Torque: 2.0 Nm). Residual zinc was clearly observed between the stirred zone and the base material at the center and the middle area ( Fig. 3(b) ). Although the residual zinc decreased with increasing friction torque, it could not be completely exhausted from the joint interface in the present welding conditions. A break between the stud bolt and the stirred zone ( Fig. 3(d) , designated as twist break) was observed at the edge area. When a friction torque increased, this twist break increased along the boundary between the stud bolt and the stirred zone, where the microstructures of the stud bolt were much plastically deformed. Figure 4 shows tensile strength of each joint. In the joints without zinc insert, strength was obtained with the torque of 1.0 Nm and increased with friction torque to 3.0 Nm. In the joint with zinc insert, joining could not be achieved with the torque of 0.8 Nm. Joining was achieved from the torque of 1.0 Nm and this strength was higher than that of the joint without zinc insert. Tensile strength increased with friction torque until 3.0 Nm, similar to the joint without zinc insert. occur at the initiating during the friction stage because the fracture surface was flat and traces of rubbing were seen. Ductile fracture occurred at base material when the joining was achieved at the joint interface. Interfacial fracture between the stirred zone and the base material showed laminar surface along the rotation direction.
Results

Microstructures of friction stud joints
Tensile test and fracture surface observation
The appearance of the fracture surface and its cross section of each joint was given in Figs. 6-8, respectively. In the joint without zinc insert, the fracture at the torque of 1.0 Nm was mainly interfacial fracture (Figs. 6 and 7) . At a torque of 3.0 Nm, the joined area was larger than that of 1.0 Nm because the joining progressed with larger friction torque. The fracture mode was partly changed to ductile fracture.
In the joints with zinc insert, the surface of the joint with the torque of 0.8 Nm was shiny as shown in Fig. 6 . In the joints with the torque of 1.0 and 3.0 Nm, as shown in Fig. 8 , while the area of the interfacial fracture decreased, the ductile fractured region and twist break region increased as the joining progressed. The twist break which generated from the edge of the joint interface increased into center, and finally the joint fractured during the friction. This is the reason why the joint strength decreases from the torque 3.0 to 4.0 Nm.
The obtained result indicates that zinc insert is effective to join at lower torque. However, the joint strength with zinc insert decreased at lower torque such as 2.0 Nm and 3.0 Nm. This is considered to be caused by the residual zinc at the joint interface as seen in Fig. 3 . 
Micro-tensile test
In the section 3.2, the fracture surface observation showed that several types of fracture occurred even in one friction stud joint. To evaluate the mechanical property of each region in more detail, micro-tensile test was performed at the center, middle and edge area of the joint interface as shown in Fig. 9 . Micro-tensile test of the specimens of the base material and the stud bolt was also performed. The result of micro-tensile test of each area is given in Fig. 10 . In the joints without zinc insert, only the center area could be measured at 1.0 Nm because the joined area was very small as shown in Fig. 6 . The strength showed lower than that of the base material and the stud bolt. As the joined area increased at 3.0 Nm, the strength of the center and the edge area could be measured. The strength of each area increased up to that of 
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the base material and the stud bolt. In the joints with zinc insert, the strength of both the center and the edge area could be measured at 1.0 Nm. The strength of edge area was as high as base material's one. At 3.0 Nm, the joined area was also larger than that of the same torque without zinc insert. The strength of each area was similar to the base material or stud bolt's one. Regardless of zinc insert, all joints showed the higher strength in the edge area than in the center area. Figure 11 shows the fracture location of micro-tensile test specimen. The specimens with low strength, such as the center area of 1.0 Nm with/without zinc insert, fractured at the joint interface as shown in Fig. 11(a) . On the other hand, the specimens with high strength, such as the edge area of 1.0 Nm with zinc insert and each area of 3.0 Nm with/ without zinc insert, mainly fractured at the boundary between the stud bolt and the stirred zone. These specimens showed dimple fracture.
Discussion
From the obtained results, the effect of zinc insert on the bondability of the joint and the friction stud welding process are discussed as follows.
Effect of zinc insert
The joint with zinc insert has larger joined area than that of the joint without zinc insert, and it also showed higher strength at 1.0 Nm as shown in Figs. 4 and 6 . These results indicate that the area that metallurgical joining was achieved became larger by zinc insert at early stage of welding process. Fuwano et al. 16) found that the maximum temperature at the joint interface reached more than 700 K at A5052 side during conventional friction welding of A2017/A5052. This is higher than the melting point of zinc (693 K). Moreover, according to the Al-Zn binary phase diagram 17) as shown in Fig. 12 , Al-Zn eutectic point (654 K) is lower than aluminum melting point (933 K). Therefore, it is suggested that Al-Zn eutectic reaction firstly occurs during friction, and the oxide layer on the surface of the base material was removed easily. So the metallurgical joining begins earlier at the interface and the strength became larger than that of joint without zinc insert at the beginning of joining process (1.0 Nm) as shown in Fig. 4 .
On the other hand, although zinc is exhausted as friction torque becomes bigger, it could not be exhausted completely. Micro-tensile test showed that residual zinc at the center area causes the decrease of the joint strength (Figs. 10 and 11) . Therefore, it is considered that the center area with residual zinc insert is harmful to the joint property. The thickness and distribution initial zinc insert should be optimized to improve joint property though the successful exhaust of zinc insert.
Friction stud welding process
Schematic illustration of the joining process of the joint using zinc insert is given in Fig. 13 . The process of friction stud welding in this study goes through five steps as described below.
(1) Wear (friction torque: 0.8 Nm, friction time: 0.38 s).
When the friction stud welding starts, both stud bolt and base material begin to wear. The friction surface enlarges peripherally and moves into the base material because of the corn shaped tip of the stud bolt. The heat input time also differs between the center and the edge area of the friction surface. So the lens shaped stirred zone (dashed line), forms in the stud bolt (Fig. 2) . Zinc insert and oxide film at the edge area are removed due to the rotation of the stud bolt. However, the joining is not achieved because of the low heat input at this stage. Therefore, the stud bolt and base material separate easily. Joining begins when the friction torque increases to around 1.0 Nm. The joining is partly achieved from the edge area (dashed-dotted line), of which micro-tensile strength was almost equal to that of the base material (Fig. 10(c) ). This is caused by higher heat input at the edge area. At center area (dotted line), although the joining is achieved, the strength was lower because of lower heat input, as shown in the result of micro-tensile test (Fig. 10(a) ). As increasing heat input, zinc insert is gradually exhausted to outside of the stud bolt and the strongly joined region increases to center. While strength of the joint increases with friction torque, the twist break initiates from the edge area during friction. This twist break gradually grows toward the center area along the boundary between stud bolt and stirred zone, where microstructures of the stud bolt were much plastically deformed with increasing friction time. When friction torque reaches a certain value (3.0 Nm in this study), tensile strength becomes highest as shown in Fig. 4 . Fracture surface and its cross section appearance (Figs. 6 and 8) showed that the propagation of twist break occurs not along the boundary between the stud bolt and the stirred zone but inside the stirred zone. However, the result of micro-tensile test shows that stirred zone is stronger than the boundary between the stud bolt and the stirred zone ( Fig. 11(b) ). This is considered that, when the friction stud joint is deformed, fracture initiates at center area (dotted line), and then propagates to edge area along the joint interface before the twist break propagates. When the fracture from the center area is close to the twist break, shear stress occurs within stirred zone. Finally, the joint fracture through the crack passes inside the stirred zone. (4) Decrease of tensile strength (friction torque: 3.7 Nm, friction time: 1.12 s).
With friction torque bigger than a certain value, twist break initiated during friction is close to the center area. Therefore, the strength of the joint gradually decreases due to the decrease of the joined area. The twist break at the boundary between the stud bolt and the stirred zone continues propagating and finally reaches to the center area. Therefore, fracture occurs completely at the boundary during friction stage and the stud bolt and base material separate by itself.
Conclusions
In the aluminum stud joint with/without zinc insert using friction welding, microstructure observation was performed at the interface, and tensile test was conducted to evaluate the mechanical properties. Micro-tensile test was also performed to evaluate the micro-scale mechanical properties at each area of the interface of joints. The obtained results are summarized as follows.
(1) Zinc insert was effective to join at a lower torque and shorter friction time through Al-Zn eutectic reaction.
(2) Oxide film at the surface of both stud bolt and base material was sufficiently removed and joint was achieved. Lens shaped stirred zone at the stud bolt and the twist break were observed. Zinc insert was removed when friction torque increased, but could not be exhausted completely from the interface. (3) With bigger torque and longer welding time, the amount of residual zinc was reduced and high strength was achieved. On the other hand, twist break between stirred zone and stud bolt increased during friction, and this causes the decrease of the tensile strength of the joint after a certain amount of torque.
(4) Micro-tensile test showed that the strength at the edge of the joint was higher than that at center area regardless of zinc insert.
(5) From the obtained results, the friction stud welding of the present study was able to explain by five process; wear of stud bolt, start of joining, increase of tensile strength, decrease of tensile strength, and fracture during friction.
